The prevalence of obesity is increasing, and there is evidence that obesity, in particular abdominal obesity as a marker of insulin resistance, is negatively associated with pulmonary function. The mechanism for this association and the best marker of abdominal adiposity in relation to pulmonary function is not known. 
association between reduced pulmonary function and cardiovascular mortality as well as all-cause mortality. 12, 13 However, the exact mechanism for the latter association is not fully understood. Insulin resistance and inflammation that arise from abdominal adiposity may mediate the relation of pulmonary function and all-cause mortality.
Weight and body mass index (BMI) as measures of overall adiposity are used as predictors of pulmonary function in many epidemiologic studies. While these measures are widely accepted as determinants of pulmonary function, abdominal adiposity may influence pulmonary function through a mechanism that is distinct from that of overall adiposity. Abdominal adiposity may restrict the descent of the diaphragm and limit lung expansion, compared to overall adiposity, which may compress the chest wall. 14 In most epidemiologic studies, waist circumference and/or waist/hip ratio represent abdominal adiposity. However, investigators proposed that abdominal height is a better indicator of visceral fat (the metabolically active fat depot) and, thus, is a better marker of abdominal adiposity. 15, 16 In this study, we investigated the association of total body adiposity and abdominal adiposity with FEV 1 and FVC in a random sample of the population in western New York state. We hypothesized that a specific effect of fat distribution on pulmonary function exists. In particular, we hypothesized that a greater accumulation of abdominal fat is associated with lower levels of FEV 1 and FVC, and that abdominal fatness is a better predictor of reduced pulmonary function than total body adiposity.
Materials and Methods

Study Subjects
We recruited participants from Erie and Niagara counties in western New York, as previously described. 17 In brief, we recruited a sample of the general population using lists supplied by the New York State Department of Motor Vehicles (respondents aged 35 to 65 years) and the Health Care Financing Administration (respondents aged Ͼ 65 years). We used letters and telephone contact to recruit participants. All study protocols were approved by the University at Buffalo institutional review board. Approximately 59.4% of individuals who were contacted and were eligible for the study agreed to participate. Individuals with chronic lung disease, cancer, and prevalent cardiovascular disease (eg, prior myocardial infarction, coronary artery bypass graft surgery, angioplasty, or diagnosis of angina pectoris) were excluded from the study. We also excluded individuals with missing spirometry and anthropometry data, resulting in 2,153 individuals who were eligible for analysis.
Pulmonary Function Tests
Trained personnel performed spirometry between 6:30 and 9:30 am according to American Thoracic Society recommendations. 18 We used two different pneumotachometers; one for the first 562 participants (Compact; Vitalograph Medical Instruments; Lexena, KS), and another for all other participants (model 2170 spirometer; Vitalograph Medical Instruments). We first performed two to three slow vital capacity practice maneuvers followed by at least three but no more than eight acceptable FVC maneuvers. We considered test results to be reproducible if the differences between the two best maneuvers were Յ 200 mL. 18 We excluded 6.8% of participants due to pulmonary function test results that were not reproducible. All pulmonary function tests were performed while participants were in the sitting position.
We used linear regression to derive FEV 1 and FVC prediction equations for men and women separately using age, height, race, and gender in never-smokers free of respiratory disease in our sample (n ϭ 981). We then calculated FEV 1 and FVC as the percentage of predicted values and the FEV 1 /FVC ratio. When we compared the results obtained with our internal prediction equations to those obtained with external prediction equations from the National Health and Nutrition Examination Survey III, we found no important differences in the observed associations, and we reported only the results obtained using internal prediction equations. 19 
Interview
Trained interviewers collected demographic information, physical measurements, and detailed lifetime smoking histories during in-person interviews. We used two smoking variables for the analysis. The first one was smoking status (current smoker, former smoker, or never-smoker). Using a questionnaire, we classified individuals as current smokers if they were smoking at the time of the study, and as never-smokers if they had smoked Ͻ 100 cigarettes in their lifetime. We classified all remaining individuals as former smokers. We also collected lifetime smoking histories by decade to compute the lifetime number of pack-years.
Physical Measurements
We instructed participants to wear light clothing for their study visit. The trained interviewers measured height using a wallmounted stadiometer and weight using a balance beam scale. For waist and hip measurements, participants were instructed to stand erect with the abdomen relaxed, arms at their side, and feet together (without shoes). Interviewers used tapes to measure the waist at the narrowest circumference between the bottom of the ribcage and the top of the iliac crest following normal expiration. The interviewers measured hip circumference at the largest point between the iliac crest and the symphysis pubis. For abdominal height, interviewers used a Holtain-Kahn abdominal caliper. 20 Abdominal height was defined as the sagittal diameter of the abdomen measured by interviewers at the iliac crest while the participant was in the supine position. The measure of abdominal height is strongly correlated with visceral adipose tissue when compared to CT scans and MRIs as the "gold standard." 15, 16, 21 During standardization sessions for seven interviewers taking two observations on six subjects, the Pearson correlation coefficients were 0.97 for weight, 0.75 for the waist/hip ratio, and 0.81 for abdominal height. We refer to body weight and BMI as overall adiposity markers, and abdominal height, waist circumference, and waist/hip ratio as abdominal adiposity markers.
Analysis
We decided a priori to stratify analyses by gender. We computed the mean values including SDs for all relevant vari-ables and the Pearson correlation coefficients to assess relation among physical measurements. For the multivariable analysis, we considered each of the following covariates because they were possibly associated with pulmonary function: smoking status; lifetime number of pack-years smoked; education; eosinophil count; and serum carotenoid level. Serum carotenoid measurements were available only for a subsample of subjects (n ϭ 817).
In order to identify whether more obese individuals had difficulty performing the tests, we compared reproducibility across abdominal height categories. We compared differences between the best two FEV 1 and FVC measurements across abdominal height categories to investigate whether more obese subjects had difficulty with the test. There were no significant differences.
We analyzed trends in mean FEV 1 percent predicted and FVC percent predicted across quintiles of abdominal height using general linear models that were adjusted for covariates. To investigate the individual associations of each adiposity marker (ie, weight, BMI, waist circumference, waist/hip ratio, and abdominal height) with pulmonary function, we performed linear regression analysis. In addition to FEV 1 percent predicted and FVC percent predicted, we investigated the dependent variable FEV 1 /FVC ratio. We entered each adiposity marker individually in multivariable models in order to analyze their contribution to the variation in FEV 1 percent predicted, FVC percent predicted, and FEV 1 /FVC ratio, and to avoid multicollinearity. We defined a stronger association as one that yielded a lower p value based on the measurement properties (ie, less variability and/or higher coefficients) of the variables.
We investigated effect modification by BMI and smoking. We classified individuals into three strata according to the BMI categories Ͻ 25 kg/m 2 ; 25 to 30 kg/m 2 ; and Ͼ 30 kg/m 2 , and three categories based on the mean number of pack-years of smoking. For all analyses, we used a statistical software package (SPSS, version 11.0; SPSS; Chicago, IL). 22 
Results
The mean age of participants in the sample was 56.8 years (SD, 11.3 years) for women and 58.5 years (SD, 12.5 years) for men. Approximately 6.5% of all participants were African-American. Raw FEV 1 and FVC values were higher for men, but once we removed the effects of age, height, and race, FEV 1 percent predicted and FVC percent predicted values were higher for women (p Ͻ 0.001). More women in our sample were current smokers, but men had a higher lifetime exposure to cigarettes (p Ͻ 0.001). The mean BMI values for women and men were 27.6 kg/m 2 (SD, 5.7 kg/m 2 ) and 28.3 kg/m 2 (SD, 4.4 kg/m 2 ), respectively. Table 1 shows the characteristics of the study population as stratified by quartiles of abdominal height. Women in the highest quartile of abdominal height were more likely to be older, to be neversmokers or former smokers, to have lower pulmonary function, and to have higher weight, BMI, waist circumference, and waist/hip ratio. Men in the highest quartile of abdominal height were more likely to be former smokers, to have lower pulmonary function, and to have higher weight, BMI, waist circumference, and waist/hip ratio. Table 2 summarizes the correlation coefficients for markers of overall and abdominal adiposity. Correlations were strong among adiposity markers, with the exception of waist/hip ratio, which showed a weaker correlation with the other markers. The correlations were similar for men and women. Table 3 shows trends in pulmonary function by quartiles of adiposity markers in men and women. For women, all inverse trends were statistically significant at p Ͻ 0.05 except for the trend in weight, BMI, and waist-to-hip ratio for FEV 1 percent predicted. Similarly in men, all inverse trends were statistically significant. Individuals in the lowest quartile based on abdominal height had slightly better pulmonary function compared to individuals in the lowest quartiles of weight and BMI. We performed each analysis with log-transformed adiposity markers and obtained similar results; therefore, we present the nontransformed coefficients to ease interpretation. Table 4 summarizes the regression coefficients for adiposity markers that were entered individually into FEV 1 percent predicted, FVC percent predicted, and FEV 1 /FVC ratio linear regression models. Overall, there were negative associations of each adiposity marker with FEV 1 and FVC in men and women, but not all were statistically significant. In women, abdominal height (p Ͻ 0.001) and waist circumference (p Ͻ 0.01) were most strongly negatively associated with FEV 1 ; all five markers of adiposity were negatively associated with FVC (all p Ͻ 0.05). In women, models containing abdominal height explained the greatest variance in FEV 1 and FVC relative to other adiposity markers. In men, all markers were negatively and statistically significantly associated with FEV 1 percent predicted and FVC percent predicted (p Ͻ 0.05). Similarly in men, abdominal height and waist circumference explained the greatest proportion of variance in pulmonary function. All adiposity markers were positively and significantly associated with airway obstruction (ie, FEV 1 /FVC ratio).
In linear regression models, we found decreases of 1.81% and 3.69%, respectively, in FEV 1 percent predicted per SD of abdominal height for women and men. For FVC percent predicted, the percentage decrease per SD was 2.96% for women and 5.25% for men. The decrease in FEV 1 percent predicted per SD of waist circumference for women and men was 1.17% and 2.80%, respectively, and the FVC decrease was 2.39% for women and 4.20% for men.
We found statistically significant interaction between abdominal height and BMI in men and women (p Ͻ 0.10) and, therefore, stratified the analysis by BMI. Table 5 shows the results of this analysis. In both men and women, abdominal height 
2 . In women, the association between abdominal height and airway obstruction was not significant for any BMI category. In men, abdominal height was positively associated with airway obstruction only for men with a BMI of 25 to 30 kg/m 2 . We found evidence for the statistical interaction of abdominal height and smoking, but only in women. When we stratified subjects based on the lifetime number of pack-years of smoking at the mean packyears for women (ie, 0, Ͻ 9.24, and Ͼ 9.24 packyears), we found that the inverse trends in abdominal height and pulmonary function were statistically significant only for never-smokers and women with Ͻ 9.24 pack-years of smoking.
Individuals with physician-diagnosed chronic airflow limitation had already been excluded from this analysis. However, we also investigated whether the inclusion of individuals with undiagnosed chronic airflow limitation would influence the results. We accomplished this by excluding those with an FEV 1 of Ͻ 80% predicted. Of 2,153 individuals included in the study, approximately 13.6% had an FEV 1 of Ͻ 80% predicted. We found clear differences in the association when we split the group using this criterion; namely, there was no inverse association of any adiposity markers with pulmonary function in the group with an FEV 1 of Ͻ 80% predicted (data not shown). When we considered serum carotenoids as covariates (which we previously reported to explain a proportion of variance in pulmonary function), we found no important differences in the reported associations of adiposity markers and pulmonary function (data not shown).
Discussion
We investigated the relation of a number of adiposity markers with pulmonary function in a population-based study. We found inverse associations of abdominal height and waist circumference with pulmonary function in men and women with BMI values of Ն 25 kg/m 2 . Abdominal height and waist circumference explained the greatest proportion of variance in FEV 1 and FVC relative to other markers of adiposity. Also, the inverse association of abdominal height and pulmonary function was evident only in women who had been classified as never-smokers or smokers in the lowest 50% of the sample in terms of lifetime pack-years of smoking.
Our results confirm our a priori hypothesis that abdominal adiposity is negatively associated with pulmonary function. The results of this study are particularly noteworthy in that abdominal height, which is a highly specific marker for visceral adiposity, 15, 16 explained the greatest amount of variance in pulmonary function among all of the adiposity markers (ie, weight, BMI, waist/hip ratio, and waist circumference), according to R 2 values in the linear regression models. Visceral adipose tissue influences circulating concentrations of interleukin-6, tumor necrosis factor-␣, leptin, and adiponectin, [5] [6] [7] [8] which are cytokines that may act via systemic inflammation to negatively affect pulmonary function. Therefore, abdominal height may negatively impact pulmonary function via the action of insulin resistance. Investigators reported an inverse association of serum leptin concentration with FEV 1 as well as higher levels of C-reactive protein, leukocytes, and fibrinogen, which are other markers of systemic inflammation. 23 Therefore, inflammation may be part of the link between impaired pulmonary function and mortality. 12, 13, 24, 25 The concurrent measurement of inflammatory markers and insulin resistance markers may allow for the determination of whether the mechanism is inflammatory or mechanical in nature.
Another possible mechanism for the association of abdominal adiposity and pulmonary function is a mechanical limitation of chest expansion during the FVC maneuver. Increased abdominal mass may impede the descent of the diaphragm and increase thoracic pressure. 26 Abdominal adiposity is likely to reduce expiratory reserve volume via compressing the lungs and diaphragm. 27, 28 This will result in lower FVC measurements, which we indeed observed via the strong inverse association of every adiposity marker with FVC in men and women. All spirometry maneuvers were performed with the subject in the sitting position. Therefore, we cannot rule out the influence of sitting during spirometry on reduced pulmonary function, as one study 29 reported small but statistically significant differences in FVC compared to standing spirometry in individuals with a BMI of Ͼ 30 kg/m 2 . Also, there is evidence that FEV 1 values are larger if testing is performed with the subject in the standing position. 30 Current guidelines recommend either the standing or sitting position for spirometry. 18 The results obtained with these techniques may reveal interchangeable results.
Early investigations of pulmonary function and weight showed a positive association between these variables. In our study, weight was inversely associated with pulmonary function in men and women. Our findings support the hypothesis that the relationship of pulmonary function and overall weight is now a more complex issue. The inverse association may be partially explained by changes in the prevalence of adiposity in more recent decades, 31 as a large proportion of individuals are classified into higher BMI categories.
It is difficult to tease apart the effects of BMI and abdominal adiposity due to their high correlation.
Linear regression models became unstable when we included correlated predictors in models simultaneously. Therefore, we presented the association of relative and abdominal adiposity markers and pulmonary function separately, as well as the association of abdominal adiposity and pulmonary function stratified by BMI category. These results suggest that both overall and abdominal adiposity are negatively associated with FEV 1 and FVC, and support the hypothesis that abdominal adiposity markers (ie, abdominal height and waist circumference) have better explanatory power than total body adiposity measured as BMI or weight. Abdominal height and waist circumference are highly correlated; however, we recognize that abdominal height, although probably a better marker for visceral adipose tissue compared to waist circumference, presents a more challenging measurement to obtain. 32 The finding of slightly higher pulmonary function in the lowest abdominal height quartile compared to weight and BMI quartiles supports the notion that having a lower abdominal height may be a better indicator of overall health compared to having a low BMI or weight, since individuals with a low BMI may have varying levels of abdominal adiposity, depending on gender. However, this finding may also be due to chance.
When we examined airway obstruction in relation to abdominal adiposity in our study, we found statistically significant inverse associations of abdominal height and airway obstruction when BMI is Ͻ 25 kg/m 2 , and positive associations when BMI is Ͼ 25 kg/m 2 . This positive association of airway obstruction with increasing relative and abdominal adiposity may suggest that the association is due to the strong association of FVC and abdominal adiposity.
We found the highest prevalence of obstruction (ie, FEV 1 /FVC ratio, Ͻ 80%) in the lowest quartiles of BMI and abdominal height. These results support previous findings by Sin et al 33 of no significant increased risk of obstruction (ie, FEV 1 /FVC ratio, Ͻ 80%) in obese individuals (highest BMI quintile compared to other quintiles) in the National Health and Nutrition Examination Survey III sample. These results suggest that obesity is not associated with airway obstruction based on spirometry, but rather may be more associated with symptoms of asthma and obstruction. 33, 34 The inverse association of abdominal height and FEV 1 ). When we stratified by smoking status, we found the strongest associations of abdominal height and pulmonary function in women who were neversmokers as well as in women who were in the lowest 50% of the sample in terms of lifetime number of pack-years of smoking. Therefore, the null associations in women who have smoked Ͼ 9 pack-years in their lifetime and in individuals with an FEV 1 of Ͻ 80% predicted may cause a nonlinear relationship of abdominal height and pulmonary function.
Other investigators explored the association of obesity with pulmonary function. Canoy et al 35 analyzed the association of waist/hip ratio and pulmonary function in the European Prospective Investigation Into Cancer and Nutrition study, and reported an inverse association that remained significant after adjustment for BMI. Our results are similar in that the association remained significant in never-smokers. Chen et al 36 analyzed waist circumference and pulmonary function in a sample of men and women in the United Kingdom. These authors found inverse associations of waist circumference and pulmonary function. HarikKhan et al 37 investigated the association of fat distribution and pulmonary function using waist/ hip ratio. They reported an inverse association of FEV 1 and waist/hip ratio in men only, which was similar to our findings. Our results also supported an inverse association between FVC and waist/hip ratio. Lazarus et al 38 found no inverse associations of waist circumference or waist/hip ratio with FVC in women. These authors also reported an inverse association of abdominal girth/hip breadth ratio with pulmonary function after adjustment for BMI in men over a narrow age range in the Normative Aging Study. 39 We found no evidence for effect modification by age in our study. Collins et al 40 examined 42 normal to mildly obese firefighters and found decreased pulmonary function in men with a waist/hip ratio of Ͼ 0.95.
Longitudinal studies of pulmonary function decline allow for the determination of the effect of changes in body composition on pulmonary function. These studies [41] [42] [43] [44] have implicated weight gain as an important predictor of pulmonary function decline, an association that appears to be stronger in men. In one study 45 of obese women (BMI, Ͼ 30 kg/m 2 ), weight loss during a 6-month period improved FVC and FEV 1 ; however, it did not change the FEV 1 / FVC ratio. A dietary intervention of weight loss in obese men showed improved FEV 1 and FVC with the loss of abdominal fat after 3 months on a hypocaloric Mediterranean diet. 46 The results of these studies combined suggest that weight gain is associated with pulmonary function decline; however, these negative effects on pulmonary function may be potentially reversible with weight loss.
The finding of an inverse association of abdominal height and waist circumference and the stronger association of abdominal adiposity and pulmonary function in men points to the importance of what has been called "apple vs pear-shaped" body types. As with other chronic conditions, increased abdominal adiposity or having an "apple-shape" may be an important indicator of lung health. Further research should be focused on characterizing the mechanism for the association of abdominal adiposity and reduced pulmonary function.
The major strength of our study lies in the availability of multiple standardized anthropometric measurements, spirometry, and detailed lifetime smoking histories. We were able to analyze the contribution of overall and abdominal adiposity markers to variation in pulmonary function, including abdominal height. Our study is a random sample of individuals from the general population, so we were able to investigate this association in nonobese individuals. In addition, the results were similar when we modeled raw FEV 1 and FVC instead of using the percent predicted form.
The cross-sectional nature of this study is a limitation, as it does not provide information about a temporal sequence. Longitudinal studies are needed to further investigate how abdominal adiposity and changes in abdominal adiposity influence pulmonary function. The findings should be interpreted with caution due the moderate participation rate. In addition, we cannot generalize these findings to children or young adults. A study of abdominal adiposity and pulmonary function in subjects in these age groups would be of interest because these individuals may not have yet attained maximal pulmonary function, which may influence pulmonary function decline and mortality risk.
Conclusion
We found negative associations of abdominal adiposity and pulmonary function in men and women from the general population that are not limited to severely obese persons. Abdominal adiposity is an important determinant of impaired pulmonary function, and it is of greater importance than overall adiposity markers such as weight and BMI. We suggest that investigators consider the inclusion of markers of abdominal adiposity as a potential confounding factor when investigating the determinants of pulmonary function.
